Biomass is likely to be a significant energy resource in the future. A common way to recover energy from biomass is through gasification where synthesis gas is produced; byproducts of this process are tar and ash/char. This research investigates the potential to use the ash/char as a catalyst by understanding the properties of char generated under different gasification conditions. Specifically, it is desired to produce a porous char which could be used as a catalyst or as a support for more catalytically active metals. In this work, poplar wood was gasified under CO 2 , steam, and air at different reaction temperatures. Experiments were done in a fluidized bed reactor at temperatures of 500 o C, 750 o C and 920 o C and char was recovered. BET-surface area measurements showed that gasification under CO 2 has the potential to produce char with a higher surface area than char produced from steam gasification. Higher temperature or longer gasification times resulted in the production of a more porous char. TGA experiments showed that gasification under CO 2 resulted in a higher mass loss compared to gasification with steam. Gasification with steam/CO 2 mixtures yielded a mass loss similar to that of steam only which could be indicative of competitive reactions between steam and CO 2 . Experiments done in an ESEM allowed for visual observation of the changes in physical properties of the biomass during gasification. With CO 2 , physical changes were observed at temperatures as low as 400 o C whereas physical changes were not observed under steam at this temperature.
INTRODUCTION
Gasification is a promising technology to yield a usable gaseous product from biomass or waste with high efficiency. During gasification, an energy source is heated in the presence of a reactive gas to yield a gas-phase product consisting primarily of CO, CO 2 , and H 2 with smaller concentrations of low-order hydrocarbons. The reactive gas is typically air (in sub-stoichiometric quantities), nitrogen, steam, or CO 2 . The primary objective of gasification is to yield a gas from a solid which can then be used to synthesize fuels or chemicals, combusted to yield heat or electricity, or for combustion enhancement in pre-existing combustion processes. As in many reactive systems, not all of the reactants are converted to the desired (gas phase) products. Therefore, tars (heavier hydrocarbons), are formed during gasification, and are of particular concern when operating at temperatures below 700 o C which are too low to thermally crack the tar [1] . Tars can be problematic for downstream processing equipment and such tars represent a decrease in (gas phase) fuel yield as all carbon or hydrogen in the tar has been diverted from the desired gas phase products. Additionally, many processes such as fuel cells or gas turbines can tolerate very low levels of organic impurities, therefore tars must be removed prior to use of the fuel in such systems. A third phase, known as ash or char, is also produced in a gasifier. This phase typically consists of carbon, minerals, and metals that are present in the raw substrate which are not converted into the gas phase. For example, biomass can contain metals such as iron, copper, manganese, or magnesium as well as minerals such as calcium, potassium, or phosphorus which will not enter the gas phase at typical gasification temperatures (500-900 o C). Depending on the carbon content of the residual it will be classified as char (high carbon content) or ash (primarily minerals and metals with minimal carbon). Char is generally burned to produce heat and ash. Ash from traditional combustion applications is often used in concrete, but ash from biomass gasification cannot be directly applied in such applications without pretreatment. Currently, there is limited literature on alternative uses for ash from biomass gasification. Fernandez-Pereira et al. suggest using ash from biomass gasification in bricks where pretreatment of the ash is not required [2] .
It has been shown that the characteristics of the ash or char (for example, composition and porosity) can be affected by the reactive gases that are used for gasification [3] . The porosity of the ash or char, combined with high content of metals and minerals, makes it a good candidate to be used as a catalyst. Additionally, due to its high surface area, ash may be a good candidate for a support for more catalytically active metals or minerals. Abu El-Rub et al. tested the catalytic activity of char from biomass gasification and ash from combusting the char and found that char is a good candidate for tar elimination [4] . Use of ash in catalytic applications such as tar decomposition would increase the value of the ash as well as avoid the need for more expensive catalysts for tar removal. Additionally, char or ash is available on site as it is produced in the gasification system.
Deactivation of catalysts is common, especially when dealing with higher order hydrocarbons, or where impurities such as sulfur or nitrogen compounds are present, as in the case of biomass tar. Carbon deposition has been shown to occur when reforming tars from biomass gasification [5] . This is of particular concern when using expensive catalysts such as base metal or precious metal catalysts. When using char or ash as a catalyst, it can easily be replaced once deactivation occurs since the catalyst is produced on-site and is cheap.
It is generally desirable to reduce char production, since all carbon present in the char is diverted from the overall carbon yield of the system, since the gas phase that is used as an energy source or as a starting point for synthesizing other fuels. Remaining char is often combusted; therefore, the value of the char as a catalyst must be compared to its heating value if it were simply combusted. Additionally, the energetic content of the tar itself must be considered since the use of char to convert the unusable tar into a usable product (for example, synthesis gas), increases the overall yield of the system. It is possible that the char itself may decompose during tar decomposition, thus the carbon in the char may eventually enter the gas phase product stream. This will increase the overall yield of the system, and will require that the char be replaced regularly.
In order to understand the potential for the use of char or ash as a catalyst we must understand how the gasification conditions impact the properties of the ash as well as how the properties of the ash impact its performance. The research presented here investigates how the gasification conditions impact the yield and properties of char produced from gasification of poplar wood.
EXPERIMENTAL
In this work poplar wood was gasified and analyzed at three different scales. Poplar was chosen because poplar trees grow quickly (compared to other temperate trees), and can be grow in North America on land that is not considered to be prime crop land [6] . Compared to other commonly used biomass feedstocks such as corn stover or switchgrass, poplar wood has a relatively high heating value (19 MJ/kg dry) and a low sulfur content (0.01% of dry wt.) [6] . The ash from poplar contains metals which are typically used as catalysts, such as iron and copper. Gasification was done in an in-house built fluidized bed reactor; various flow-through gases were used and results are presented here from experiments done under 10% CO 2 
RESULTS AND DISCUSSION
Gasification experiments were done in a fluidized bed reactor where the samples were heated to a set maximum temperature and held at that temperature for a given amount of time in the presence of a reactive gas. Following experiments, the solid residual was recovered and BET-surface area was measured. Figure 1A shows the mass recovered from different experiments. In general, the amount of residual was 4-16% of the initial biomass mass with higher temperatures or longer gasification times leading to lower mass recovered. The ash content of poplar wood is ~1.5% [6, 7] , indicating that the residual from these experiments is likely char, consisting of ash (minerals and metals) along with unburned carbon. This was confirmed by EDX analysis, which showed a high carbon content in these samples. Results from BET surface area measurements are shown in Figure 1B . BET surface area of biomass gasified at 550 o C is not shown here -repeated measurements showed inconsistent results which may indicate that at low temperatures the reaction is more advanced for some particles than others, or that tars are present in the pores of the char which may not be completely removed during evacuation of the ash prior to BET measurements. BET surface area measurements for experiments done with N 2 also showed similarly inconsistent results. This may further indicate the presence of tars in these sample since N 2 will not react with tars whereas steam or CO 2 can react with tars at high temperatures (700 o C and up). A comparison of the surface areas of char generated under steam at 750 o C after 1 hour and 30 minutes indicates that longer gasification time leads to higher surface area. However, mass recovery data shows that the mass of char recovered is similar in both cases; for 30 minutes 5.6% of the initial mass is recovered as char and at 1 hour 4.9% of the initial mass is recovered. Gasification was also done in a TGA under steam where the sample was heated to 800 o C (with 9% H 2 O in N 2 ); after 30 minutes at 800 o C the residual mass was 19.5% and after 1 hour the residual mass was 17.3%. Therefore, both TGA tests at low H 2 O concentrations and fluidized bed experiments at high concentrations of H 2 O show that mass loss is very gradual at temperatures in the range of 750-800 o C. However, the BET surface area of the char from fluidized bed experiments showed very different surface areas based on the time spent at maximum temperature. When the biomass was at the maximum temperature for 1 hour the surface area of the char was 621 m 2 /g and when it was held at the maximum temperature for 30 minutes the surface area was 429 m 2 /g. This indicates that it is possible to produce char with significantly different properties without necessarily influencing overall production of gas/tars. This is important because if it desired to produce char with specific properties (for example, higher porosity), one would want to do this without impacting overall gas yield.
A. and BET-surface area was measured. The mass recovered was 15.4% under CO 2 and 5.6% under H 2 O; it is expected that the mass loss would be higher under steam since more reactant was introduced (total gas flow rate was the same for all experiments). However, the surface area of the two samples was the same. This indicates that the CO 2 produces a more porous char per gram of biomass reacted. Therefore, if it desired to produce a more porous char or ash, CO 2 is likely a better candidate than H 2 O.
B.
TGA tests were done where biomass was heated to 800 o C at 20 o C/min using four different reactive mixtures: 100% CO 2 , 9% CO 2 in N 2 , 9% H 2 O in N 2 , and H 2 O/CO 2 /N 2 mix (9%, 8%, balance). Results are shown in Figure 2 . Table 1 shows the mass loss at 210 o C, when dehydration of the sample has taken place, and final total mass loss. The highest mass loss was 98.25% which took place with 100% CO 2 . It is reported in the PHYLLIS database that poplar wood has an ash content of 1.5% (dry) therefore the results with pure CO 2 demonstrate almost complete reaction. In the temperature range of 100-200 o C, there is dehydration of the sample and a higher mass loss is observed for the dry gases where there is a stronger driving force for water to leave the sample. At 200 o C the mass loss under pure CO 2 is 7.1% while the mass loss under 9% CO 2 in N 2 is 5.9%. If dehydration is the only process taking place then one would expect equal mass loss in both cases, since both use dry gases. For example, TGA experiments were done with air and N 2 at identical conditions (heating rate of 2 o C/min to 500 o C) where both gases were dry. While the final mass loss was very different for the two gases (98.4% for air and 76.6% for N 2 ), the mass loss was similar until temperatures of 200 o C. Therefore, it is possible that under CO 2 reaction begins to take place at temperatures as low as 150 o C. ESEM images also showed more physical changes at low temperatures under CO 2 compared to H 2 O. For example, at 400 o C the pores in the biomass sample have expanded under CO 2 whereas the sample under steam has very similar physical properties to the raw biomass, as shown in Figure 3 . Copyright © 2011 by ASME 
Boudouard reaction
If ash is to be used as a catalyst it is desirable to have high surface area therefore we would like the gasification process itself to generate a porous structure while avoiding sintering. During gasification experiments under the ESEM (samples were heated to 1000 o C at 20 o C/min under pure gases), sintering was observed under H 2 O and under air but not with CO 2 , as shown in Figure 4 . Sintering is not observed in the presence of CO 2 which could be related to the ability of CO 2 to access the smaller pores in the biomass, thus preventing solid-solid contact within the ash which results in sintering. The ESEM images also suggest that CO 2 is better able to enter into the small pores in the biomass, as shown in Figure 3 , where the pores in the raw biomass have opened up in the presence of CO 2 but not under steam. The DSC signal also shows some interesting trends, as shown in Figure 5 . In the high temperature regime (700-800 o C), an exothermic signal is measured with only steam and nitrogen present while an endothermic signal is measured in the presence of CO 2 and nitrogen. The mixture of CO 2 and H 2 O has a mass loss that is similar to that of H 2 O only, yet the thermal signal more closely resembles that of the CO 2 /N 2 mix. Therefore, the addition of CO 2 to a steam/nitrogen mix results in different reactions taking place which do not change the overall mass loss. Sintering is an example of a reaction which would not impact the overall mass loss but may show a different thermal signal; therefore, this data may further indicate that the addition of CO 2 can prevent sintering that would take place with steam only. Visual observations during ESEM suggest that sintering may be related to the speed at which the biomass reacts. At 1000 o C, the biomass reacted very quickly with steam and subsequently sintering was observed, as seen in Figure 4 . The reaction appears to be much slower at high temperatures with CO 2 . Carbon in the biomass may be in the form of carbonates (for example, CaCO 3 ) which decompose into a mineral oxide and CO 2 , as shown in Equation 2 (for CaCO 3 ). These reactions typically take place around 700-800 o C [8] . Therefore, when high concentrations of CO 2 are present in the gas phase, the decomposition reaction will be slower, thus sintering may be avoided. 
CONCLUSION
This paper attempts to understand the properties of char formed during biomass gasification. Results showed that gasification done under CO 2 results in higher mass loss and a more porous ash compared to gasification with steam. Gasification with mixtures of steam and CO 2 showed mass loss similar to that of steam alone, which may indicated a competitive reaction between steam and CO 2 . Sintering was observed during gasification under air and steam but not with CO2 which may indicate that sintering is related to the speed of biomass decomposition or the reactive gases present. This data contributes to an understanding of how gasification conditions affect yield and properties of char produced from biomass gasification. This can then be used to produce ash with specific properties that will enable it to be an effective catalyst for decomposition of tars produced in biomass gasification systems.
